An important characteristic of an ion channel is its selectivity for a particular ion. In potassium (K + ) channels, exquisite selectivity for K + over smaller ions, especially sodium (Na + ), is crucial for physiological function. As a result, identification of the mechanisms of K + channel selectivity has been the focus of decades of ion-channel research [1] [2] [3] [4] [5] [6] [7] . Early electrophysiological studies proposed that selectivity in K + channels is determined by the rates at which ions enter the pore, favoring a mechanism of ionic selectivity by selective exclusion (a kinetic view) 1 . Later studies proposed that the K + channel pore is composed of multiple sites with high affinities for permeant ions and low affinities for impermeant ions, favoring a mechanism of selectivity by selective binding (a thermodynamic view) 4,5 .
a r t i c l e s
An important characteristic of an ion channel is its selectivity for a particular ion. In potassium (K + ) channels, exquisite selectivity for K + over smaller ions, especially sodium (Na + ), is crucial for physiological function. As a result, identification of the mechanisms of K + channel selectivity has been the focus of decades of ion-channel research [1] [2] [3] [4] [5] [6] [7] . Early electrophysiological studies proposed that selectivity in K + channels is determined by the rates at which ions enter the pore, favoring a mechanism of ionic selectivity by selective exclusion (a kinetic view) 1 . Later studies proposed that the K + channel pore is composed of multiple sites with high affinities for permeant ions and low affinities for impermeant ions, favoring a mechanism of selectivity by selective binding (a thermodynamic view) 4, 5 .
High-resolution structures of K + channels appear consistent with the selective binding mechanism [6] [7] [8] [9] [10] . In the narrow pore region forming the selectivity filter of K + channels, the backbone carbonyl and threonine hydroxyl oxygens of the highly conserved TVGYG sequence 1, [11] [12] [13] form a series of distinct K + binding sites, termed S0-S4 (refs. 7,9) (Fig. 1a) . These oxygen atoms coordinate K + to compensate for the energetic cost of dehydration as the K + enters the narrow pore 1, 7, 9 . The "snug fit" hypothesis for selectivity suggests that these S sites will not optimally coordinate the smaller Na + and thus cannot compensate for the ion dehydration energy, rendering Na + binding thermodynamically unfavorable 7, 9 .
Molecular dynamics (MD) simulations and structural studies of the model K + channel KcsA have determined that the individual S sites are not equivalent; although there is selective binding for K + over Na + in sites S1-S3 inside the filter, limited selectivity was found for the aqueous cavity (Fig. 1a) and the S4 region 7, 9, [14] [15] [16] [17] [18] [19] [20] . Furthermore, it was proposed that the selective S sites maintain selectivity for K + over Na + even during normal thermal fluctuations that could allow a "snug fit" for the smaller Na + (refs. 16,21-23) .
Irrespective of the exact mechanism of discrimination within these particular coordination sites, recent work discussed above appears to implicitly favor the hypothesis of selectivity by selective binding: K + channels prevent Na + from permeating because accommodating a Na + inside the selectivity filter is a thermodynamically unfavorable process. Due to the multi-ion nature of K + channels 2 , it is likely that the story is more complex and multiple mechanisms are responsible for selectivity in these channels 24, 25 .
Our studies suggest a mechanism for K + channel selection against intracellular Na + differing from that of selectivity through selective binding. Using the KcsA channel from Streptomyces lividans, we investigated the interaction of the small cations Na + and lithium (Li + ) with permeant ions within the intracellular side of the channel pore in order to elucidate the mechanism of exclusion under physiological conditions. We used electrophysiology (planar lipid bilayers), MD simulations and X-ray crystallography to probe the selectivity property. Although each technique has its limitations, using all three in concert offers a strong, consistent picture of the mechanism. We propose that both Na + and Li + have at least one binding site within the selectivity filter, distinct from the S sites for K + . Our MD and X-ray crystallography data suggest that this binding site, termed the B site, is positioned between S3 and S4 in plane with the Thr75 carbonyl oxygen atoms. For intracellular Na + or Li + to bind at the B site, the S3 and S4 sites 
r t i c l e s
The features of the fast Na + block, as well as the unstudied slow, gating effect, inspired us to further investigate the interaction of small monovalent cations with the KcsA pore by also using Li + as a probe. Li + , a smaller (radius ~0.6 Å, compared to 1.33 and 0.95 Å for K + and Na + , respectively 28 ) and more strongly hydrated monovalent cation, is a good probe to test the hydration shell-disruption hypothesis and ascertain potential binding locations for K + and Na + ions. We analyzed the fastblock and slow-gating effects in detail to gain insight into the mechanism of Na + and Li + interaction with K + ions and the KcsA pore.
Intracellular Li + blocks K + current with fast kinetics in the cavity Li + blocked outward K + flux from the intracellular side with fast kinetics in a similar manner to Na + , by decreasing the single-channel current amplitude ( Figs. 1 and 2) . The current was more extensively blocked at higher voltages, indicating that Li + blockage is voltage dependent, as expected if the Li + blocking site is located within the transmembrane electric field (Fig. 2a) . The block parameters (apparent affinity, k B app , and voltage dependence, z) were obtained as previously described 26 using the Woodhull equilibrium block model 29 over a range of K + concentrations (eqs. S1 and S2 in Supplementary Discussion). Li + shows higher apparent affinity for its blocking site than Na + (Fig. 2b) . The apparent affinity for Li + blockage decreases as the K + concentration is increased, indicating that K + and Li + compete for the same binding site, where K + is preferred twofold to Li + ( Fig. 2b and Supplementary Discussion). A similar analysis for Na + block previously showed that K + is preferred fivefold to Na + (ref. 26 ). The fast-block effect revealed the following selectivity sequence for binding at the fast blocking sites: k K < k Li < k Na . This sequence differs from the sequence of hydration free energies for these ions (∆G 0 hydration , in kcal mol −1 : Li + = -123.1, Na + = -96.6, K + = -79. 4 (ref. 30) , suggesting must be vacated by K + . We determined that the outward movement of K + in the selectivity filter required to liberate these S sites is associated with a substantial free-energy barrier. Consequently, these smaller ions rarely reach the B site under physiological conditions. We propose that the magnitude of this energy barrier encountered by Na + and Li + before they reach the S4 region underlies selectivity against small intracellular monovalent cations by K + channels. Our data regarding the initial rejection step against intracellular Na + from the selectivity filter of K + channels are in closer agreement with the earlier suggestion of selectivity by selective exclusion 1 and reveal this mechanism of exclusion with microscopic detail.
RESULTS

Intracellular Na + and Li + affect KcsA outward current
We previously showed that intracellular Na + blocks the outward K + flux through KcsA channels by binding with fast kinetics and low, voltage-dependent affinity in the pore 26 , as evidenced by a decrease in the amplitude of the single-channel currents in the presence of Na + (Fig. 1b, fast block) . We found that the fast-blocking site (proposed at the time to be in the aqueous cavity) had a 5-to 7-fold preference for K + over Na + ions 26, 27 , a binding selectivity that paled in comparison to that calculated at selectivity filter sites 15, 19 but whose origins were not immediately apparent (a 5-to 7-fold preference corresponds to a ∆∆G(Na + -K + ) of ~1 kcal mol −1 ). We then hypothesized that this preference was due to the requirement of partial hydrationshell disruption for Na + to bind at its preferred site in the cavity. The presence of Na + on the intracellular side also had a 'gating' effect: it induced a marked decrease in the probability of the channel being open, mostly noticeable at high voltages (Fig. 1b) . This latter effect was previously left at the observational level 26 . a r t i c l e s that either hydration is not the largest factor contributing to the ionic selectivity at these sites or Na + and Li + block at different sites.
The voltage dependence of Li + blockage (z) is constant over a range of K + concentrations (Fig. 2c) . The z value is a measure of the effective distance the blocking ion travels in the electric field to reach its binding site. An increase in z with the permeant ion concentration suggests that the movement of the blocker to its site is coupled with the movement of permeant ions in the pore 31 , as was previously found for Na + (ref. 26) . The lack of dependence on the K + concentration suggests the movement of Li + to its blocking site may not be as strongly coupled with the movement of permeant ions in the filter 26 , which can be interpreted as Li + binding farther away from the selectivity filter than Na + . Li + and Na + appear to converge to z ~0.4 at low concentrations of permeant ions, indicating that they block in the same pore region. These data are consistent with our previous conclusions 26 that both Li + and Na + ions block K + current with low affinity and fast kinetics in the K + channel aqueous cavity, but possibly at different locations in the cavity (a z value of 0.4 is in agreement with previous calculations of the fraction of electric-field drop over the KcsA cavity 32 , assuming that a component of the voltage dependence of Na + and Li + block comes from coupling between the blocker moving to its site and permeant ions moving in the selectivity filter).
Intracellular Na + and Li + lead to a decrease in channel activity
Wild-type KcsA gating is characterized by bursts of openings separated by long closed intervals (Fig. 1b) , believed to represent excursions to inactivated states 33 . Addition of intracellular Na + and Li + leads to a strong decrease in the probability of the channel being open, particularly at high, nonphysiological voltages (Fig. 1b, 200 mV) . A detailed kinetic analysis reveals that the Na + -and Li + -induced decrease in open probability is due in large part to a marked shortening of these burst durations (Fig. 3a,b) . The long closed intervals were not analyzed quantitatively because of uncertainties in the numbers of channels between perfusion events caused by the known low steady-state open probability of wild-type KcsA [34] [35] [36] . The kinetics within the burst showed that the mean open time decreased in the presence of Na + and Li + (Fig. 3c,d ), but the durations of the intraburst closed intervals were not affected (Fig. 3e) . The marked decrease in burst duration (and mean open time) with the addition of Na + and Li + was dependent on both voltage and concentration. The concentration of Na + and Li + required for the half maximal effect at 100 mV was ~4 mM ( Fig. 3a-d) , markedly lower than the concentration required to induce the fast block (~100 mM at 100 mV), suggesting that the fast and slow effects of Na + and Li + on the K + current may have independent causes.
An obvious explanation that could account for the shortening of the bursts is that Na + and Li + binding in the cavity (to produce the fast block) also promotes channel entry into an inactivated state (Supplementary Discussion, Scheme I), a mechanism inconsistent with the existence of two independent processes. Another plausible explanation for our data is that Na + and Li + induce the decrease in burst duration by binding with higher affinity at a site in the pore distinct from the site used for fast block, blocking K + permeation on a slow timescale. This latter model (Supplementary Discussion, Scheme II) is consistent with our MD and X-ray crystallography data, described below. Thus, we propose that intracellular Na + and Li + block K + flow through KcsA by binding with different affinities at two distinct sites in the KcsA pore. We propose that the low-affinity fast block site occurs in the aqueous cavity of KcsA. It is possible that the second, higher-affinity binding site that leads to a decrease in mean burst durations occurs in the selectivity filter, as it requires larger voltages to become apparent. The existence of a binding site for Na + in the selectivity filter is supported by previous experimental evidence for Na + escape through the selectivity filter at high voltages ("punchthrough" 26 ). Li + does not display block relief over the range of voltages explored (Fig. 2a) . However, the decrease in the amplitude of Li + -modified K + current appears to deviate from the classical Woodhull block 29 at high voltages (Fig. 2a, ~300 mV) , suggesting potential Li + punchthrough but at higher voltages than are required for Na + .
Electrophysiology measurements are very informative about interactions of ions with the KcsA pore. However, this technique cannot pinpoint the location or the coordination chemistry of the ion binding sites. To investigate the pore binding-site locations for Li + and Na + , we took two approaches: (i) we used MD simulations to identify potential binding sites and energetic barriers encountered by Li + and Na + as they attempted to negotiate the KcsA pore in the presence of K + , and (ii) we crystallized KcsA in the presence of Li + (a crystal structure of KcsA in Na + at 3.2-Å resolution already exists 8 ). . All experiments were repeated at least three times with similar outcomes. The data in this entire figure were not averaged due to substantial differences between individual bilayers, as previously reported 34 .
a r t i c l e s Free energy calculations identify Na + and Li + binding sites Previous simulation studies of KcsA have revealed little selectivity for K + over Na + ions to bind in the cavity or the S4 region, but a strong selectivity for K + at other sites, especially S2 (refs. 14-20,37-39). Yet blocking experiments, such as are described above, indicate that Na + and Li + , under physiological conditions, are likely to be excluded from the channel before they reach the S2 site from the cavity. We carried out free energy perturbation (FEP) calculations to determine the relative free energies of K + , Na + and Li + ions in the cavity and the S4 region using a fully atomistic system (Fig. 4a) . All calculations were performed with K + ions present in the selectivity filter, using the two multi-ion configurations representing the two low free-energy configurations for K + ions during conduction: S1/S3/cavity and S0/S2/S4 (refs. 7,9,14,15) (Fig. 1a) . Supplementary Table 1 shows the positions and coordination of the ions in different regions of the pore, and Supplementary Table 2 shows the relative free energies of the ions in different sites. The aqueous cavity was found to be roughly nonselective, with free energies for Na + and Li + relative to K + similar to that of bulk water. This lack of selectivity may appear to be at odds with the slight preference for K + over Na + determined from the electrophysiological measurements (Fig. 2) . However, a 5-to 7-fold preference for K + over Na + corresponds to a ∆∆G(K + -Na + ) of ~1 kcal mol −1 , which is within the error of the MD calculations (Supplementary Methods). In the cavity, our calculations reveal an absence of high-affinity binding sites (Fig. 4b) . All ions are distributed across the cavity, with only a slight preference for K + to bind weakly in the center and for Li + to bind deep in the cavity, away from the filter (Fig. 4b) . The absence of high-affinity binding in the cavity is consistent with the electrophysiologically observed fast block by Na + and Li + (Fig. 2) . A preferred Li + cavity position further away from the selectivity filter is consistent with the reduced interaction of Li + with permeant ions inferred from electrophysiology (Fig. 2c) .
In the S4 region of the selectivity filter, we find a preference for both Na + and Li + binding over K + (Supplementary Table 2) . However, the positions of the free energy minima for Na + and Li + are between K + sites S3 and S4, near the plane of the Thr75 carbonyl oxygen atoms (together with two strongly coordinated water molecules), and not in the Thr75 carbonyl-hydroxyl oxygen cage that coordinates the K + sites (Supplementary Table 1 and Fig. 4c) . We call this in-plane sixligand location the B site. The B site provides stronger interactions for the smaller ions than the S4 cage site (Supplementary Discussion and Supplementary Table 2 ). Unbiased simulations (in which the ion is free to explore the entire region) demonstrate that the S4 'region' is slightly selective for Na + over K + , by -1.5 kcal mol −1 , yet strongly selective for Li + over K + , by -4.2 kcal mol −1 (Supplementary Table 2 ). The S4 'region' is more thermodynamically stable for Na + and Li + than for K + because it consists of two distinct binding sites with different coordination geometries: the crystallographically observed cage K + -binding S site and the adjacent in-plane B site. Biased simulations (where the ion is confined to a specific location) performed separately in the cage and plane sites reveal that whereas the cage of S4 is reminiscent of other K + -selective S-sites (4-5 kcal mol −1 selective for K + ), the in-plane B site is strongly selective for Na + or Li + (by ~5 and ~9 kcal mol −1 , respectively) (Supplementary Table 2 ). We find a similar tendency for the smaller ions to move to the plane of carbonyls (other B sites) even deeper inside the filter (data not shown), also reported for KcsA 40, 41 and for the nonselective tetrameric NaK cation channel 42, 43 . As we show later, the location of the B site between S3 and S4 has a strong effect on the energetics of conduction of small ions in the presence of K + .
These calculations predict low-affinity binding sites in the cavity for K + , Na + , and Li + ions, consistent with the fast block observed in our functional experiments ( Figs. 1 and 2) . Calculation of a second binding site for Na + and Li + in the KcsA selectivity filter is consistent with their slow-blocking effect also observed in electrophysiological experiments (Figs. 1 and 3) . Below, we reveal X-ray crystallographic data that are supportive of these computational results.
Crystal structures of KcsA in Li + support potential Li + binding sites
We determined the crystal structure of KcsA from crystals grown in the presence of 150 mM Li + (either with 3 mM K + or completely depleted of K + ) to 2.75 Å and 2.85 Å resolution, respectively ( Fig. 5 and Table 1 , LowK-Li + (PDB ID:3IGA) and NoK-Li + (PDB ID: 3GB7)). Although Li + , which contains two electrons, cannot be directly observed in an X-ray diffraction experiment at this resolution, potential Li + binding locations can be inferred by analyzing putative coordinating ligands 44, 45 within both the cavity and the selectivity filter. Inspection of the NoK-Li + model (Fig. 5a) identifies three possible binding sites for Li + : one site within the selectivity filter in plane with the backbone carbonyls of Thr75 (Fig. 5a,f,g, B site ) and two mutually exclusive sites in the aqueous cavity at 2 Å or 6 Å below the base of the selectivity filter (Supplementary Fig. 1) .
The binding sites for Li + in the aqueous cavity are consistent with the functional data and the MD calculations (Figs. 1, 2 and  4b) . We modeled eight water molecules in the cavity of the NoK-Li + structure. Although there are caveats associated with the modeling of water molecules near the crystallographic four-fold axis (see . 6b) .
(c) Free-energy profile across the S4-S3 region from the eight-carbonyl coordinated cage to the four-carbonyl coordinated plane obtained from analysis of FEP 49 simulations. The insets illustrate the free-energy minimum locations in the S4 region for K + , Na + and Li + ions (red, green and blue circles, respectively). Because each free-energy profile is determined only to within a constant, the curves for Na + and Li + have been shifted relative to K + , based on relative free energies in the S4 cage (Supplementary Table 2 ). An almost identical result was obtained when the curve was based on relative free energies in the S4 plane (data not shown). The r.m.s. deviations in the curves are 0.8, 0.4 and 1.0 kcal mol −1 for K + , Na + and Li + , respectively (Supplementary Methods). The z coordinate (x axes in Figs. 4 and 6 ) maps positions along the pore as shown in Figures 1a and 5f and is relative to the center of mass of the selectivity filter.
a r t i c l e s
Supplementary Discussion), these resemble the hydration shell previously reported in higher-resolution KcsA structures 7, 9 (Fig. 5) .
In those structures, the water molecules coordinate a well-defined K + or Na + . In contrast, our NoK-Li + structure shows no density in the center of the water molecule ring. Because the water molecules in the cavity are too remote to coordinate a Li + located on the crystallographic four-fold directly, we speculate that they may serve as a secondary hydration shell for a tetrahedrally coordinated Li + , which can be modeled to bind in the cavity at two locations ( Supplementary Fig. 1b,c) . In our model, the degenerate tetrahedron modeled along the four-fold axis of symmetry to mimic the first water shell (Supplementary Fig. 1b,c , modeled gray spheres) would preclude direct observation of the primary hydration-shell electron density. It is unclear why the second hydration shell is visible and the first one is not. One possibility is that electrostatic forces from the negative dipoles of the pore helices stabilize the second hydrationshell waters. These helix dipoles have been previously suggested to stabilize ions within the cavity 46 . A Li + ion coordinated within the selectivity filter can be inferred by monitoring the backbone conformation of the NoK-Li + and LowKLi + structures (Fig. 5a,b, and Supplementary Fig. 3) . Previous structures show that in 3 mM K + , the selectivity filter of KcsA adopts a 'nonconductive' or 'collapsed' conformation 7, 9 (Fig. 5c) . However, the addition of Li + in either the absence or the presence of 3 mM K + returns the selectivity filter of KcsA to a 'conductive' conformation 7, 9 ( Fig. 5) . A Li + binding site within the selectivity filter at the B site would support this backbone conformation and is consistent with the MD calculations (Supplementary Table 1 and Fig. 4) . We hypothesize that the four carbonyl oxygens of Thr75 and the two water molecules at the S3 and S4 positions complete the octahedral coordination of Li + (Fig. 5a,g ). Extensive analysis of the densities in the selectivity filter of the NoK-Li + and LowK-Li + structures and comparisons to other KcsA structures are presented in Supplementary Discussion and Supplementary Figure 2 . The conductive conformation of the selectivity filter observed in both NoK-Li + and LowK-Li + structures could be a result of either structural support from increased occupancy of the S3 and B sites or the strong fields around a Li + ion that polarize the Thr75 carbonyls.
Although the argument for these Li + binding sites based on this X-ray structure alone relies on indirect evidence of structural changes and hydration waters, it provides considerable support to our MD calculations and electrophysiological data. Further support comes from a previous structure of KcsA determined in the presence of Na + (Fig. 5d) , which also shows density at the B site in the pore (NoK-Na + , PDB 2ITC (ref. 8) ). The backbone of this Na + -containing structure adopts the collapsed conformation, indicating that Na + cannot support the conductive conformation of the selectivity filter.
The B site may be rarely occupied under physiological conditions, given that large voltages are needed for Na + and Li + to potentially reach it (Figs. 1 and 3) . We used MD to search for the free-energy barriers that would exclude Na + and Li + from the filter. a r t i c l e s Na + and Li + face a high free energy barrier to enter the B site We employed umbrella-sampling simulations to calculate the free energy cost of moving ions (Fig. 6a, gray circles) from the cavity into the S4 region when the selectivity filter is occupied by K + (Fig. 6a, red  circles) . All calculations were done with K + present in the selectivity filter in one of the two multi-ion configurations: S1/S3/cavity and S0/S2/S4 (refs. 7,9,14,15). With the filter K + ions in the S1/S3 configuration, a K + entering the filter from the cavity (Fig. 6b , Path I) experiences a shallow free-energy well in the cavity and, after overcoming a ~2 kcal mol −1 barrier, binds in S4 inside the hydroxyl-carbonyl cage of Thr75 (Fig. 6b , red line; error analysis in Supplementary Fig. 4 ). The ability of K + to bind in the S4 cage while two K + ions reside in S1 and S3 has been previously shown to create a low-free energy pathway for knock-on conduction in K + channels 15 , leading to a configuration of the filter with K + ions in S4/S2/S0 (Path I′). However, we find that this low-free energy intermediate state does not exist if either Na + or Li + attempts to cross into S4 from the cavity (Fig. 6b , green and blue lines). A steep climb in free energy occurs due to Coulomb repulsion, resulting from Na + and Li + attempting to bind to the in-plane B site, a site too close to a K + already residing in S3 (the B site straddles the S4 and S3 K + sites, as shown in Fig. 5) . As a result, Na + and Li + cannot reach the B site via the low-free energy permeation path preferred by K + (paths I and I′).
In order for these smaller ions to bind to the B site, the S3 and S4 sites must be empty of K + . The K + channel must be in the S0/S2 configuration, with only the S0 and S2 sites occupied by K + . If a Na + or Li + ion in the cavity encounters a selectivity filter with K + in the S1/S3 configuration, the Na + or Li + ion must wait for the K + ions to move up one register and establish the S0/S2 configuration in order to enter the filter. Transition from the S1/S3 to the S0/S2 configuration (Path II) is associated with a large free-energy barrier (4-5 kcal mol −1 ) when an ion resides in the cavity, irrespective of whether it is a K + , Na + or Li + ion (Fig. 6c, solid curves) . A similar value was found for K + if it is forced to follow this high free-energy path 15 . Even if a concerted ion movement is allowed (Fig. 6c, path III, dashed curves) , this barrier remains large for Na + and Li + but not for K + , which can take a low-free energy concerted path. The multi-ion permeation path is therefore optimized for K + conduction. With K + ions in the S0/S2 configuration, entry of the cavity ion is highly favorable, with a remarkable -10 kcal mol −1 binding free energy for Li + (Fig. 6d,  path II′) , indicating a high-affinity binding site. If one focuses on the region between -6 and -4 Å, the plots resemble closely those in Figure 4c , obtained with specialized simulations in the S4 site.
Our calculations predict the existence of a high-affinity binding site for Na + and Li + in the in-plane selectivity filter B site, also supported by the crystal structures 8 (Fig. 5) . Under normal physiological conditions, Na + and Li + rarely reach this high-affinity binding site due to large free-energy barriers (at least 4-5 kcal mol −1 ) associated with a costly alternative multi-ion conduction path.
DISCUSSION
The current view of ion selectivity in potassium channels is based on selective ion binding at the identified K + binding sites (S sites) within the selectivity filter. Previous MD simulations calculated that these sites are not equivalent in relative binding free energy and showed that site S2 is the most selective and S4 is the least selective 15, 19, 22 . We demonstrated that under physiological conditions (high intracellular K + and low intracellular Na + ), selection against intracellular Na + occurs at the entryway into the S4 region of the filter, long before the S2 site is encountered. We also demonstrated that this selection occurs even though there is a binding (B) site for Na + or Li + between S4 and S3 in the selectivity filter. This B site is in the plane of the carbonyls, and not in cage, like the K + binding sites. A Na + or Li + in the cavity cannot reach the B site unless K + ions in S4 and S3 are displaced upward toward the extracellular site. This required outward movement of K + ions inside the filter occurs infrequently due to a large free-energy barrier.
Why is there a barrier for Na + and Li + but not for K + ? Movement of K + into the selectivity filter is almost barrierless when a K + enters from the cavity because K + is able to bind in the S4 cage to create a Figure 6 Free-energy profiles for different multi-ion configurations show large energy barriers for Na + and Li + to enter the filter. (a) Scheme of possible multi-ion permeation configurations where two K + ions (red) are inside the filter and a K + , Na + or Li + ion attempts to enter from the cavity (gray). Path I describes the cavity ion (K + in this case) entering the filter with two K + ions in S1/S3, followed by the movement of the two K + ions to S0/ S2 depicted in Path I′. Path II describes two K + ions in the filter moving from S1/S3 to S0/S2, and subsequently allowing the cavity ion to enter the filter, depicted in Path II′ (we note that for paths II and II′ the gray ion can bind either in the cage, as pictured, or in the plane). Path III describes the cavity ion entering the filter in a concerted motion with the K + ions moving from S1/S3 to S0/S2. (b) Free-energy profiles along Path I for K + , Na + and Li + (red, green and blue, respectively, in b-d) where the zero has been set arbitrarily at z = −12 Å in the cavity, independently for each ion (one could alternatively add the small sub-kcal mol −1 offsets from Supplementary Table 2 to enforce free energies relative to bulk solution). a r t i c l e s low-free energy intermediate configuration S1/S3/S4, thus promoting the knock-on of ions through the filter 15, 47 . In contrast, neither Na + nor Li + can bind in the S4 cage; their binding requires a path that involves a large barrier of 4-5 kcal mol −1 (Fig. 6) . This barrier is comparable to the relative free-energy costs predicted for Na + and K + selectivity in S2 and is of the correct magnitude to reproduce permeability ratios of K + to Na + in KcsA channels 19, 48 . Previous studies found that a KcsA channel engineered to prevent collapse of the selectivity filter at low K + allows Na + permeation in the absence of K + but not in the presence of K + (ref. 10) , suggesting that, consistent with our model, a K + -occupied filter raises a free-energy barrier to Na + entry. Our results suggest that the K + -channel selectivity filter is not averse to Li + and Na + ; both ions can bind in the filter. In the presence of permeant ions, a large multi-ion energetic barrier inhibits entry of Na + or Li + into the selectivity filter. What prevents these ions from permeating in the absence of K + ? Our favored hypothesis is that both Na + and Li + bind with high affinity at the B site in the absence of K + ions, disfavoring fast throughput through the filter. Additionally, barriers would be expected as Na + or Li + cross each of the S sites in the filter. An alternative line of thought is that neither Na + nor Li + bind in the selectivity filter, and therefore favor the collapsed, nonconductive 7, 9 form of the KcsA selectivity filter, as proposed in prior work 8 . This is inconsistent with our finding that Li + supports a selectivity filter configuration more similar to the conductive form in the absence of permeant ions (Fig. 5) .
In this study, we have examined the mechanism of selection for K + over Na + and Li + ions only from the intracellular side in KcsA channels. The mechanism of selectivity from the external side, where Na + is the more abundant physiological ion, remains an open question. The architecture of the channel is asymmetric, with nonequivalent ion-binding sites: the narrow selectivity filter is at the extracellular end of the channel, whereas the moderately nonselective aqueous cavity is at the intracellular side. This asymmetry is reflected in differential effects of Na + and Li + on the K + currents. Na + and Li + do not block the K + current with fast kinetics from the extracellular side 36 . Moreover, crystallographic studies have not identified a potential binding site for Li + near the external side of the selectivity filter, raising the possibility that selective binding may be more important on the external side.
In conclusion, our studies support a mechanism for intracellular selectivity in K + channels that differs from the current view. We show that intracellular Na + and Li + can bind in the selectivity filter of K + channels. Our finding of a K + -dependent high-free energy barrier for Na + and Li + to enter the filter from the intracellular side argues that the initial rate of entry into the filter discriminates between Na + , Li + and K + ions. This study emphasizes that a complete understanding of selectivity requires an analysis of the true multi-ion nature of permeation in addition to the thermodynamics of binding to specific sites in the channel.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Accession codes. The X-ray crystallographic coordinates and structure factor data have been deposited in the Protein Data Bank with accession numbers 3GB7 (NoK-Li + ) and 3IGA (LowK-Li + ). 
